Misfit-layered cobalt oxide Ca 3 Co 4 O 9 is considered to be a prospective material for thermoelectric conversion. The thermoelectric properties are anisotropic owing to its anisotropic crystal structure. The crystal has preferred thermoelectric properties along the a-b plane. Therefore, the thermoelectric properties are improved and controlled by the degree of orientation of the sintered sample. In the present work, Sr-doped misfit cobalt oxide Ca 2.7 Sr 0.3 Co 4 O 9 was prepared by solid-phase reaction, followed by uniaxial compression molding and sintering at 1173 K. The Seebeck coefficient a, electrical resistivity q, and dimensionless figure of merit ZT were measured as a function of the compression pressure applied in the uniaxial molding. a, q, and ZT as functions of the degree of orientation and the relative density are experimentally clarified and explained by calculations using the compound model.
INTRODUCTION
The misfit cobalt oxide Ca 3 Co 4 O 9 is a good representative thermoelectric material because of its high dimensionless figure of merit ZT and superior thermal stability at high temperature. The unit cell is monoclinic and consists of an alternating stack of a triple rocksalt (RS) Ca 2 CoO 3 layer and a CdI 2 -type CoO 2 layer along the c-axis. The two types of layers have the same a, c, and b lattice parameters but different b CoO2 and b RS parameters. 1, 2 The CoO 2 layer is considered to be responsible for the electric transport, while the RS layers act as a charge reserve that supplies charge carriers into the CoO 2 layers. The thermoelectric properties are anisotropic owing to this anisotropic crystal structure, and it has preferred thermoelectric properties along the a-b plane. [3] [4] [5] [6] Therefore, the thermoelectric properties of sintered samples can be improved by an increase in the degree of orientation, which is dependent on the compression pressure applied in the uniaxial molding. On the other hand, addition of Sr to Ca 3 Co 4 O 9 can effectively improve the thermoelectric properties owing to the large solubility limit of Sr in the RS layer. [7] [8] [9] [10] [11] [12] [13] In the present work, Sr-doped misfit cobalt oxide Ca 2.7 Sr 0.3 Co 4 O 9 was prepared by solid-phase reaction, followed by uniaxial compression molding and sintering at 1173 K. The effect of the compression pressure applied in the uniaxial molding on the microstructures and thermoelectric properties was investigated by x-ray diffraction (XRD) and by measurements of the Seebeck coefficient a, electrical resistivity q, and ZT. The dependences of a and q on the degree of orientation f and relative density d were experimentally revealed. Furthermore, the dependences were calculated and explained by the compound model, in which the sintered sample is composed of many Ca 3 Co 4 O 9 elements with different orientations and void elements. composition. The powders were thoroughly mixed with acetone in an agate mortar, heated at 1123 K for 20 h in an alumina crucible in atmosphere, then slowly cooled to room temperature. The products were ground into powder ($100 lm), molded at uniaxial compression of 150 MPa to 900 MPa, then sintered at 1173 K for 20 h in atmosphere to fabricate pellet samples. The compression direction was perpendicular to the basal plane of the pellets.
EXPERIMENTAL PROCEDURES
The Seebeck coefficient a exp was determined by measuring the voltage difference between the two ends of a pellet caused by a difference in temperature. The electrical resistivity q exp was measured using the four-point probe method at room temperature. The dimensionless figure of merit ZT was measured by the Harman method.
14 The measurements of the thermoelectric properties were performed parallel to the basal plane of the pellet samples in atmosphere. For the XRD samples, the pellets were ground into powder ($50 lm). The XRD patterns were obtained by using a Rigaku Rint-2200VL and Cu K a radiation for the powder and pellet samples. The degree of orientation f of the pellet samples was estimated by using the XRD peak intensities as the Lotgering factor. 15 The relative density d of the pellet samples was obtained by the Archimedes method. Figure 1a shows a exp (s) and q exp (d) measured at room temperature as a function of the compression pressure applied in the uniaxial molding. a exp was positive, indicating p-type conductivity. a exp slightly increases and q exp decreases with increasing compression pressure. These results are similar to the previous report, 4 although the preparation process is different. These results may be attributed to an increase in f and d. f increases with the compression pressure because the a-b planes of Ca 3 Co 4 O 9 are aligned parallel to the basal plane of the pellet, as shown in the scanning electron microscopy (SEM) images and pole figures in Ref. 4 . d increases with the compression pressure because of extinction of voids in the pellet. Figure 1b shows ZT (d) and the power factor (PF, s) at room temperature as a function of the compression pressure. They both increase with the compression pressure due to the increase in a exp and the decrease in q exp . Figure 2 shows ZT as a function of the measurement temperature for various compression pressures. ZT increases with the measurement temperature. The trend that ZT increases with the compression pressure holds for high temperature. Figure 3a shows the XRD patterns of Ca 2.7 Sr 0.3 Co 4 O 9 for the powder sample and the pellet samples molded at 150 MPa to 900 MPa. Most of the diffraction peaks can be indexed to the misfit cobalt oxide Ca 3 Co 4 O 9 phase. The peak intensities other than for the 00l peaks decrease with the increase in compression pressure, because the a-b planes of the cleaved Ca 3 Co 4 O 9 particles are aligned parallel to the basal plane of the pellet. f was quantitatively estimated as the Lotgering factor 15 :
RESULTS AND DISCUSSION
where I(00l) and I(hkl) indicate the integrated intensities of 00l and hkl peaks, respectively. P 0 and P correspond to the powder and the pellet samples, respectively. Figure 3b shows f and d as a function of the compression pressure. f increases with the increase in the compression pressure. d also increases because of the extinction of voids. To clarify the effect of f and d on a exp and q exp , calculations based on the compound model 16, 17 were performed. In this model, the sample is assumed to be a compound composed of elements A and B, as shown in Fig. 5 . When the volume fractions of elements A and B are defined to be C A and C B (C A + C B = 1), the Seebeck coefficient a comp and the electrical resistivity q comp measured along direction y for the compound can be formulated based on the combination of serial and parallel alignments of elements A and B as 16, 17 
Here, a A , a B , q A , and q B are the Seebeck coefficients and electrical resistivities for elements A and B, respectively. K is the ratio of the x-z layers including element B to all the x-z layers perpendicular to the y-axis. C B /K is the averaged fraction of element B within the x-z layer including both elements A and B. In Eqs. 1 and 2, the first terms on the right-hand side indicate the electrical resistivity and Seebeck coefficient for the x-z layers including only element A, respectively. The second terms on the right-hand side indicate those for the x-z layers including both elements A and B. These equations indicate that two kinds of layers are serially aligned along the measurement direction y. If element B is assumed to be randomly distributed in a cuboid pellet with width w, length l, and height h, K can be estimated as C l wþlþh B . This is because the boundary conditions are satisfied as K = 1 for h, w ) 1 and l > 1 and as K = C B for h, w > 1 and l ) 1.
In the present case, we assumed the sintered pellet samples to be a compound of three kinds of element: voids and two kinds of oxide elements whose a-b planes are aligned parallel to and perpendicular to the measurement direction (y). In the first step, the sintered pellets are simply assumed to 
where a A , a B , q A , and q B in Eqs. 1 and 2 were substituted by a ox , a v = 0, q ox , and q v = 1, respectively. In the second step, the oxide element is simply assumed to be a compound composed of two kinds of element whose a-b planes are aligned parallel to and perpendicular to the measurement direction y. The volume fractions of the parallel and perpendicular elements are assumed to be approximately C i = (2 + f)/3 and C^= (1 À f)/3, respectively, based on the degree of orientation f. Based on the assumption of the cubic oxide element, the electrical resistivity and Seebeck coefficient for the oxide elements can be estimated as
where a A , a B , q A , and q B in Eqs. 1 and 2 are substituted by a i , a^, q i , and q^, respectively. q cal and a cal can be calculated when f and d in Fig. 3b are substituted in Eqs. 3-6 and the values q i = 5.7 mX cm, q^= 22.7 mX cm, a i = 113.9 lV/K, and a^= 53.0 lV/K, which were reported for nondoped 
